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Abstract Almost a quarter century ago first optical and radar observations from the South Pole revealed
rich dynamics unexpected from classical tidal theory. A strong semidiurnal wind oscillation was detected near
the mesopause implying substantial deviations from the classical view that the semidiurnal variation is
dominated by the migrating tide. Subsequent systematic observations exhibited large seasonal variations of
both the diurnal and semidiurnal tide with dramatic reduction in amplitude from summer to winter. First
numerical simulations with a realistic general circulation model extending into the lower thermosphere
indicated the presence of nonmigrating tides with substantial amplitudes in the polar regions. However,
direct model-data comparisons have been limited to idealized linear models. Here whole atmosphere model
(WAM) simulations for January and July are compared with available wind climatologies based on multiyear
radar observations at different locations in Antarctica as well as with first summertime lidar measurements
of temperature. The diurnal tide simulation agrees well with most of the independent radar and satellite wind
observations in both seasons. The strong semidiurnal tide comprised of migrating and nonmigrating
components is well reproduced in summer, while in winter the model tends to overestimate the amplitudes
over the continental edge. Besides model validation, a self-consistent numerical solution also enables cross
validation of observations made with different instruments at different locales.

1. Introduction

First observations in the mesopause region over Antarctica revealed rich tidal dynamics with some unexpected
features. Optical and radar measurements from the South Pole station detected occasional large-amplitude 12 h
oscillations of wind and temperature in winter [Collins et al., 1992; Hernandez et al., 1993]. Subsequent radar
observations found a persistently strong semidiurnal westward propagating tide in summer [Forbes et al.,
1995]. A full year of the meteor radar data showed a pronounced seasonal variation of the semidiurnal tide
with maximum amplitudes in summer and minimum in winter [Portnyagin et al., 1998]. Classical tidal
theory commonly considered only migrating waves with the zonal phase speed following the motion of
the source, which in the case of dominant thermal tides is the apparent westward motion of the Sun
[Chapman and Lindzen, 1970]. Because the phase speed is the same for all migrating tides, the wave
frequency in cycles per day ν equals the zonal wave number m. For the migrating semidiurnal westward
tide (SW2) ν=m= 2 (here and in the following an established notation of tidal waves is used [Forbes
et al., 2002]). However, as may be formally shown from the linearized tidal equations, the only zonal wave
number corresponding to nonvanishing wind over the pole is m= 1 associated with an m = 0 variation of
scalar variables such as temperature [Hernandez et al., 1992].

This property of arbitrary motion over the pole seen in conventional spherical coordinates is readily understood
from simple geometry. Consider a close vicinity of the pole within a latitude circle with radius Δφ→0 (Figure 1).
The horizontal wind speed vector projects on the zonal U (positive eastward) and meridional V (positive
northward) components. Neglecting the wind variations over this small area, it is immediately seen that
along the wind direction the same wind speed projects onto positive and negative V and zero U on either
side of the pole. Perpendicular to the wind direction the same wind speed corresponds to positive and
negative U and zero V. On the latitude circle both components of the wind vector are of the same magnitude
and antisymmetric with respect to the pole, which is formally expressed as anm= 1 longitudinal dependence.
It is interesting to note that for a westward propagating tide (one counterclockwise rotation per period in
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Figure 1) U reaches a maximum first,
followed by a maximum of V at any
longitude, i.e., U leads V in phase by a
quarter period at any given longitude.
Clearly, for eastward propagating tides
the phase relation reverses and V leads
U by a quarter period. The quarter-
period phase difference between the
horizontal wind components is a gen-
eral property of waves in a rotating
atmosphere [Gossard and Hooke, 1975].
Also, note that for a semidiurnal tide
withm= 1 the zonal phase speed would
be twice that of SW2.

In the Southern Hemisphere a given
wind vector of global-scale motion
corresponds to a high (H) and low (L)
pressure (or geopotential) approximately
to the left and to the right of the wind
direction, respectively (Figure 1). [For
quasi-stationary motion the wind vector
is almost exactly perpendicular to the
direction of pressure gradient (geos-
trophic wind). At tidal frequencies,
which are comparable to the Coriolis
parameter, the wind vector turns more
in the countergradient direction (grey
arrow) with increasing frequency.] This
implies an m= 1 variation of the hori-

zontal gradient of pressure, geopotential, or of temperature in the underlying atmosphere. Neglecting the
gradient vector variation in the close vicinity of the pole, it follows that the amplitude of wave number 1
variation of the scalars along the latitude circle in Figure 1 scales linearly with Δφ and so exactly vanishes
at the pole corresponding to m= 0.

Radar observations in different azimuths confirmed that the strong 12 h wind oscillation was a nonmigrating
westward propagating semidiurnal tide with zonal wave number m=1 (SW1) [Hernandez et al., 1993; Forbes
et al., 1995] prompting a search for its excitation mechanism. Of course, it should not be surprising that SW1
was observed because, as follows from the preceding discussion, m= 1 is the only zonal wave number that
can be “seen” from the pole: the horizontal wind vector associated with arbitrary nonvanishing motion
“automatically” projects on the m= 1 components (Figure 1). The presence of a substantial 12 h wind
oscillation simply indicates that the semidiurnal tide is not symmetric with respect to the pole. Any deviation
of the semidiurnal tide from the classical symmetry can be only seen from the pole as SW1. It is the
magnitude of the asymmetry that was unexpected in the observations from South Pole. By comparison,
the diurnal oscillation that was also observed with substantial amplitudes formally projects on the migrating
diurnal tide with ν=m= 1 (DW1); this is the only migrating tide that may be observed over the pole.

The primary generation mechanism of the diurnal and semidiurnal tides is absorption of solar radiation by
water vapor in the troposphere and by ozone in the stratosphere, respectively [Chapman and Lindzen,
1970]. Clearly, the distribution of these gases as well as the background atmosphere through which the tides
propagate are never zonally symmetric or stationary [e.g., Bernard, 1981; Teitelbaum and Vial, 1991; Sivkov and
Shved, 1993] as assumed in classical theory [Chapman and Lindzen, 1970]. It has long been recognized that
nonmigrating tides and day-to-day variations of tidal amplitudes and phases will be generated. However,
initial studies extending the formalism of classical linear theory to account for nonstationary and longitudin-
ally varying forcing and background have not predicted strong semidiurnal oscillations in the polar regions
[e.g., Bernard, 1981; Teitelbaum and Vial, 1991; Sivkov and Shved, 1993].

Figure 1. A schematic of arbitrary motion over the pole in spherical
coordinates, with the South Pole (SP) shown for specificity. In close
vicinity of the pole (within latitude distance Δφ→ 0) the horizontal wind
speed formally projects on the zonal U and meridional V components.
Along the wind direction the same wind speed corresponds to positive
and negative V and zero U, as shown to the right and to the left of the
pole, respectively. Perpendicular to the wind direction, the same wind
speed corresponds to positive and negative U and zero V, as shown above
and below the pole. This implies an antisymmetric (m = 1) longitudinal
variation of both wind components. In the Southern Hemisphere a given
wind direction corresponds to high (H) and low (L) pressure (or geopotential)
to the left and to the right of the wind direction, respectively. This implies an
antisymmetric (m= 1) variation of the horizontal gradient of pressure
(countergradient direction shown by the grey arrow) or O(Δφ) latitude
dependence of the wave number 1 amplitude variation of the scalar
variables themselves. With Δφ→ 0 this corresponds to zonally symmetric
(wave number 0) variation at the pole. See text for further details.
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First simulations with a more realistic general circulation model (GCM) extending into the lower thermosphere
indicated substantial SW1 amplitudes in the polar regions at equinox [Miyahara and Miyoshi, 1997]. Yamashita
et al. [2002] extended these simulations to a full year to evaluate the seasonal variation and identify the exci-
tation mechanism of SW1. The GCM simulations reproduced larger amplitudes of SW1 at polar latitudes of
both hemispheres in summer in general agreement with the observations in Antarctica. The global tidal
phase and Eliassen-Palm diagnostics suggested propagation of SW1 from the winter hemisphere to the sum-
mer polar latitudes. Using a linear model with the background atmosphere prescribed from the yearlong
GCM simulation, Yamashita et al. [2002] then tested a hypothesis that the source of SW1 enhancement in
the summer hemisphere is nonlinear interaction of SW2 with a stationary planetary wave with zonal wave
number 1 (SPW1) perturbation of the winter cyclonic circumpolar vortex in the opposite hemisphere. The lin-
ear model simulations qualitatively reproduced the GCM results but with significantly lower SW1 amplitudes.

A similar study by Angelats i Coll and Forbes [2002] employed a nonlinear spectral model with monthly varia-
tions of the zonal mean background and SPW1prescribed from a combination of an empirical wind climatology
and reanalysis data. Interestingly, these simulations reproduced the SW1 enhancement in the polar regions of
both hemispheres during solstice but mostly above 100km. This result is qualitatively consistent with an earlier
suggestion that a weaker SW1 occasionally observed in winter may be generated by interactions of SW2 with
SPW1 in the same hemisphere [Forbes et al., 1995]. Although not entirely conclusive and consistent with obser-
vations, these first mechanistic studies identified nonlinear interactions with a zonally asymmetric background
atmosphere as a possible mechanism of generation and seasonal variations of SW1 observed in Antarctica
[Angelats i Coll and Forbes, 2002; Yamashita et al., 2002]. Subsequent modeling [e.g., Aso, 2007] and particularly
observational correlation studies [Baumgaertner et al., 2006; Smith et al., 2007; Murphy et al., 2009] solidified
evidence in support of this mechanism. Additional modeling studies essentially ruled out any substantial
contribution of known longitudinally varying heating sources to the observed magnitude and seasonal
variation of SW1 in the polar regions [Hagan and Forbes, 2003; Zhang et al., 2010].

More recently, seasonal tidal climatologies have been compiled from multiyear observations. An upgraded
meteor radar at the South Pole station provided almost continuous data for more than 2 years generally
confirming the previously observed seasonal variations of SW1 and DW1 with maximum monthly mean
amplitudes in summer and almost no signal in winter [Lau et al., 2006]. The semidiurnal tide was found to
exhibit greater year-to-year and intraseasonal variability possibly attributable to its higher sensitivity to the
background winds.Murphy et al. [2006] combined radar data from several years of observations at six stations
on the “outer rim” (67–78°S) and the South Pole to create a monthly empirical climatology of diurnal and
semidiurnal tidal variations of the zonal and meridional wind. Recently, Lübken et al. [2011] also estimated
diurnal and semidiurnal temperature oscillations near the mesopause from 171 h of first summer optical
(lidar) observations at Davis (69°S, 78°E).

There have been limited direct comparisons of observations with model simulations. Lau et al. [2006] com-
pared monthly estimates of DW1 and SW1 from the radar observations over the pole with the simulations
by a linear global-scale wave model (GSWM) [Hagan et al., 2001; Hagan and Forbes, 2003]. Good agreement
in tidal amplitudes was found but only in winter when the tides are weak. Lübken et al. [2011] also obtained
significantly larger tidal temperature amplitudes in summer compared to an updated version of GSWM
[Zhang et al., 2010]. This study compares whole atmosphere model (WAM) simulations with the available
radar observations from the South Pole [Forbes et al., 1995; Portnyagin et al., 1998], lidar observations at
Davis [Lübken et al., 2011], and with an updated version of the empirical radar climatology [Murphy et al.,
2006, 2009] for summer (January) and winter (July) conditions. A direct comparison facilitates the model
validation. It is also well known that for a given tidal wave oscillations of different atmospheric parameters such
as the wind speed and temperature, they are closely interrelated to a good approximation [e.g., Gavrilov and
Dvoryashin, 1979]. Because the model solution is dynamically consistent across different locations and
atmospheric variables, this comparison may also help to evaluate consistency of observations by different
types of instruments and at different locations.

2. Model and Observations

WAM is a GCM extending from the surface to the exobase at a nominal mean altitude of about 600 km
[Akmaev and Juang, 2008; Akmaev, 2011]. It is built from the operational weather prediction Global
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Forecast System (GFS) model by extension from 64 to 150 hybrid-pressure layers in the vertical with the layer
thickness of a quarter-scale height in themesosphere and thermosphere. It incorporates appropriate physical
and photochemical processes in the extended domain, including empirical models of the ionospheric plasma
and electric fields [Akmaev, 2011]. Importantly for tidal generation, ozone and water vapor are globally
transported with a linearized ozone photochemistry included in the middle atmosphere. Both GFS and
WAM include parameterizations of unresolved “subgrid” dissipative processes affecting propagation of tides.
Vertical eddy mixing resulting from instabilities of resolved motion is represented according to Louis [1979].
In the upper thermosphere molecular viscosity and heat conduction dominate [Akmaev, 2011] but do not
substantially affect the dynamics near the mesopause. Wave drag by breaking orographic gravity waves
originating from flow over the mountains [Palmer et al., 1986; McFarlane, 1987] is also included [Kim and
Arakawa, 1995].

Climatology of “free-running,” i.e., not constrained by data assimilation, WAM has been extensively validated
[e.g., Akmaev, 2011; Akmaev et al., 2009, 2010]. Of particular relevance to this report are studies of tides
originating in the lower and middle atmosphere, including nonmigrating tides from tropical convection in
the troposphere and their effects on the upper atmosphere and ionosphere [Akmaev et al., 2008; Fang
et al., 2013; Lieberman et al., 2013].

Here the model results from a free annual run of WAM similar to those analyzed before [Akmaev et al., 2008;
Lieberman et al., 2013] are compared to three sets of available tidal observations over Antarctica. The South
Pole radar (SPR) obtained daily and monthly estimates of the diurnal and semidiurnal tides in January and
July in 1995–1996 [Forbes et al., 1995; Portnyagin et al., 1998]. The meteor radar did not resolve the signal
in the vertical, and the results are attributed to a centroid height of 94 km [Murphy et al., 2006]. Because
the radar measures horizontal winds along the line of sight, it could only “see” the meridional component
V (Figure 1). As discussed in section 1 (Figure 1), near the pole a tidal amplitude of the zonal component U
should be the same and for westward tides it should lead the meridional component by a quarter period
in phase. At the assumed height the sounding regions correspond to latitude of about 88°S (Δφ≈ 2°) in the
four cardinal directions in longitude [Forbes et al., 1995].

Murphy et al. [2006] assembled several years of radar data from six stations (combining the data from the
adjacent McMurdo and Scott stations) and the South Pole to develop an empirical model of monthly mean
amplitudes and phases of the diurnal and semidiurnal tides at 80–94 km. Concurrent least squares fits of tidal
amplitude and phase were constrained by the prescribed amplitude (latitude) and phase (longitude)
variations of the fitted wave number set. Murphy et al. [2009] repeated the analysis using four day fits of
concurrent observations from four of the six stations, yielding time series of tidal characteristics. These data
have been extended to include the interval from late 2003 to mid-2011 (not continuous) providing extensive
coverage of Antarctic tides. Monthly composites of these data form the climatology referred to here as the
Antarctic Radar Climatology (ARC). The stations range in latitude from 68 to 78°S and so provide optimal
results in that latitude band. The separation of stations in longitude limits the wave number range that can
be extracted such that only three wave numbers beyond the zonally symmetric component are fitted in this
analysis. Westward components with m= 0–3 were thought likely to dominate the spectrum and chosen for
the analysis, thus neglecting eastward propagating components. Murphy et al. [2006] assumed the diurnal
tide to be dominated by DW1 and other wave numbers were not fitted. HereWAM simulations from the same
annual run are compared to an updated version of the climatology, which now also includes westward
diurnal tides with wave numbers m= 0–3 and is extended down to 78 km.

Lübken et al. [2011] estimated diurnal and semidiurnal amplitudes and phases of temperature measured by a
Fe lidar at Davis (69°S, 78°E) in January 2011. The observations were made every 1 km at 84–96 km, with the
diameter of the sampling volume of about 6m at these altitudes. Because optical observations are commonly
constrained by environmental conditions such as the cloud cover and, especially during polar summer, full
daylight and lowest metal densities, it is important to note that the first 171 h of observations obtained over
a period of 12 days resulted in an average daily coverage of about 14.3 h per day. WAM January monthly
mean tidal temperature amplitudes and phases are compared with the Davis Fe lidar (DFL) temperature
observations. These comparisons should be considered preliminary and taken with caution because, given
typical day-to-day dynamical variability near the mesopause and limited sampling, the observational
estimates do not represent true monthly means. Additionally, because on average the data do not cover
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the full 24 h period, tidal waves with different periods may alias into each other and their amplitudes may be
overestimated [e.g., Crary and Forbes, 1983; Akmaev, 1999a, 1999b]. It may also be shown that the phase
errors scale approximately inversely proportional to the wave amplitude [Akmaev, 1999a], meaning that in
the presence of strong tides and noise the phases of weak tides cannot be determined with confidence.

3. Model-Data Comparison

Figure 2 presents daily andmonthly mean amplitudes and phases of the nonmigrating semidiurnal SW1mer-
idional wind oscillation observed by the SPR at 94 km in January and July. Monthly mean estimates are
obtained by “vector averaging” of the daily Fourier coefficients. Because Fourier transform is linear this is
equivalent to Fourier analysis of a full month of data or to Fourier analysis of a monthly “average day.” The
phase is defined as local time of northward maximum wind along the Greenwich meridian. Daily estimates
show large variability of amplitude especially in January (up to over 30m s�1). Note that the vector averaged
amplitude may equal the arithmetically averaged amplitude only if the daily phases are all exactly the same.
The daily phase variations therefore result in the vector-averaged amplitudes being substantially smaller than
the arithmetic averages or most of the daily values. Even in January, when the amplitudes are large, the daily
phases vary within about half the period with standard deviation 1.3 h. [cf.Murphy et al., 2006]. Daily phases in
July are essentially undefined, which is typical for phase estimates of small-amplitude waves in the presence
of noise. The WAM monthly mean amplitudes and phases are shown as vertical profiles in the 80–100 km
range. In January the model amplitude at 94 km (~24m s�1) is about twice of that observed (~12m s�1),
while the phases (~3.5 LT) are in perfect agreement. Interestingly, the model amplitude profile shows a local
maximum near 94 km. The model phase profile exhibits a downward phase progression with a local vertical
wavelength of just over 40 km.

In July both the observations and simulations show practically a nonexistent monthly mean tide at 94 km,
although the daily observational estimates extend to over 10m s�1 on a few days, which is consistent with

Figure 2. Comparison of semidiurnal (left column) amplitude (m s�1) and (right column) phase (LT of maximum at longitude 0°)
of meridional wind V (positive northward) at latitude 88°S in (top row) January and (bottom row) July as simulated by WAM
(lines) and observed by the South Pole radar (SPR, dots). WAM simulations: total semidiurnal amplitude at longitude 0°
(black) and the SW1 component (red). SPR observations: daily estimates (grey) and monthly average (red) of SW1
amplitude and phase.
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the first observations from the pole in winter [Collins et al., 1992; Hernandez et al., 1993]. The observed daily
phases show large variations with a standard deviation of 3.6 h, while the model phase profile exhibits large
phase jumps at heights where the amplitude is minimal. In both seasons the model results are presented in
two forms: as the total semidiurnal oscillation (black) at one location (88°S, 0°) and as SW1 on the latitude
circle 88°S (red). As expected, both estimates are practically identical even in the case of a very weak tide in July.

The observational estimates of the migrating diurnal DW1 tide are presented in Figure 3 in a similar format.
The January model amplitude at 94 km (~11m s�1) again substantially exceeds the observational estimate
(~7m s�1), but the phases (near midnight) are in excellent agreement, given the standard deviation of
observations of 2 h. As a wave with frequency lower than the local Coriolis parameter, the diurnal tide cannot
propagate vertically at high latitudes [Chapman and Lindzen, 1970; Gossard and Hooke, 1975], which is
consistent with practically a constant model phase profile in January. The SPR monthly mean amplitude is
negligible and the phase is essentially undefined (standard deviation of almost 6 h) in July. The model ampli-
tude is negligible and the phase profile exhibits characteristic irregular jumps. Observational daily estimates
show a larger range of amplitude variability in January as well as substantial amplitudes on a few days in July,
while the phases are highly variable in both seasons. The total diurnal oscillation at longitude 0° is practically
equivalent to DW1 in the simulations as expected (Figure 1).

Figures 4–7 show similar comparisons for the semidiurnal and diurnal oscillations of both wind components
with an updated ARC model, in which the monthly means are available at 78–94 km decomposed into west-
ward propagating waves withm= 0–3. The amplitudes and phases are given for latitude 69°S and longitude
0°. Figure 4 compares the semidiurnal amplitudes and phases of the meridional wind component V corre-
sponding to the different wave numbers. In January there is good agreement in amplitudes of the largest
tides SW2, S0, and SW1, the latter two also being consistent with satellite observations of nonmigrating semi-
diurnal tides [Iimura et al., 2009]. The simulations also show a very weak SW3 but the observational amplitude
of 1–4ms�1 is likely at the noise level. In July the model overestimates the SW2 and SW1 amplitudes com-
pared to the climatology (Figure 4), with weak amplitudes of the other components in both simulations
and observations. It has been noted before that WAM tends to overestimate the amplitude of the semidiurnal

Figure 3. Same as in Figure 1 but for the diurnal tide. WAM simulations: total diurnal amplitude at longitude 0° (black) and
the DW1 component (red). SPR observations: estimates for DW1.
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tide in winter [e.g., Akmaev et al., 2008; Pedatella et al., 2014]. This is most likely related to the overestimation
of the zonal mean eastward winds in the middle atmosphere of the winter hemisphere (see also section 4).

The simulations and observations of the semidiurnal oscillation of the zonal wind (Figure 5) are generally consis-
tent with the results presented for themeridional wind (Figure 4). The amplitudes of SW2 and SW1 simulated and
observed in January are consistent and comparable with those of the meridional wind component. The radar
observations show a somewhat higher S0 amplitude at 85–90 km than the WAM simulation, the ARC meridional
wind amplitude (Figure 4) or satellite observations [Iimura et al., 2009]. In July SW2 is again the strongest tide in
the observations and simulations with the model substantially overestimating both SW2 and SW1.

In January there is reasonable agreement in the phases of SW2 and S0 of the meridional and zonal wind com-
ponents (Figures 4 and 5), both indicating vertical propagation, except near the bottom of the layer where
the amplitudes are small and the observations show large phase jumps. The observations indicate a some-
what longer vertical wavelength for SW2 in both seasons. Unlike at the pole (Figure 2), SW1 becomes a minor
component below about 90 km in both observations and simulations in January (Figures 4 and 5). While the
observations appear to indicate vertical phase progression of SW1 in the whole layer but with some large
jumps near the bottom, the model only shows a phase profile tilt above 90 km; at lower altitudes the phase
becomes ill defined. The phases of the strongest semidiurnal harmonics of zonal wind lead the meridional
wind phases by about a quarter period as expected [Gossard and Hooke, 1975].

A new feature of the updated ARC is the addition of wave numbers 0, 2, and 3 to the decomposition of the
diurnal tide (Figures 6 and 7). This does not change the earlier conclusion that DW1 is the dominant diurnal
oscillation over the entire continent during summer [Murphy et al., 2006]. In January the simulations closely
reproduce the observations of DW1 amplitude and phase (Figures 6 and 7). As expected, the amplitudes of
both wind components are very close and the zonal wind oscillation leads by about a quarter period in phase
(Figure 1); the phase is also practically constant with altitude. In winter all diurnal components are weak with
typically irregular phase profiles, except perhaps for DW1 in the WAM simulation showing a weak amplitude
maximum (~6–7m s�1) and the same phase as in summer for both V and U near 80 km.

Figure 4. Same as in Figure 2 but for an updated empirical Arctic radar climatology (ARC) at 69°S and 0° longitude. Largest
semidiurnal components: S0 (black), SW1 (red), SW2 (green), and SW3 (blue).
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Figure 5. Same as in Figure 4 but for the zonal wind U (positive eastward).

Figure 6. Same as in Figure 4 but for the diurnal tide. Largest diurnal components at longitude 0°: D0 (black), DW1 (red),
DW2 (green), and DW3 (blue).
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Figure 8 compares the monthly mean diurnal and semidiurnal tidal amplitudes of temperature simulated by
WAM in January with the DFL observations over 12 days during 11–28 January 2011 [Lübken et al., 2011]. The
observations are available every kilometer between 84 and 96 km. Lübken et al. [2011] also provide error esti-
mates shown as ±1 standard error and accounting for instrumental errors (1–3 K with 1 h integration) and
natural variability (~10 K). As suggested above, this comparison should be considered preliminary and taken
with caution because the average local time coverage during the 12 days is only 14.3 h per day. Given the
large natural variability, instrumental error, and limited sampling, estimation of the tidal amplitudes and
phases, as well as their errors may not be entirely straightforward [Crary and Forbes, 1983; Akmaev,
1999a, 1999b].

WAM simulations show a fast-growing amplitude of the total diurnal oscillation above 85 km, intersecting the
observations at about 90 km. Below this level the observations show a larger amplitude of about 3–4 K. Above
about 93 km the total simulated tide is dominated by DW1 and the total tidal phase closely matches the
phase of that component, which is approximately constant with height. Below 90 km the simulated total tide
and all its components become weak compared to the observations, the two largest being DW1 and DE1
(Figure 8). Near 84 km these two tides are nearly in antiphase, the total amplitude becomes small and the
total phase exhibits a large jump. Near 80 km it approaches the phase of DE1. Lübken et al. [2011] suggest that
there may be a downward progression of the diurnal phase corresponding to a vertical wavelength of about
30 km. This conclusion depends on how reliable the phase estimates at individual heights are. If, for example,
the two highest points (95 and 96 km) are eliminated, then the observed phase profile will not show a phase
progression and be consistent with the simulations. Note that the large phase jump near the top of the profile
corresponds to the minimum amplitude observed. Conversely, if the observations at 93–94 km are excluded,
the profile appears to support the conclusion of Lübken et al. [2011]. Theoretically, the diurnal tide cannot
propagate vertically at high latitudes [Chapman and Lindzen, 1970], as is also seen in the wind observations
and simulations presented above.

The observed profile of the semidiurnal amplitude “oscillates” around the model profile of total semidiurnal
oscillation showing a better agreement than the diurnal amplitude. Up to 97 km the simulated semidiurnal
oscillation almost entirely consists of SW1 with smaller and roughly equal contributions from SW2 and S0.

Figure 7. Same as in Figure 6 but for zonal wind U.
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The total simulated phase closely follows that of SW1 and is in reasonable agreement with the observed
phase profile, which is approximately constant with altitude, if a large jump around 87–88 km corresponding
to a local amplitudeminimum is neglected. On the other hand, all the simulated components shown exhibit a
downward phase propagation corresponding to local vertical wavelengths in the range of about 20–40 km,
also consistent with the wind observations and simulations. Note again, that the semidiurnal tides can
propagate vertically at these latitudes [Chapman and Lindzen, 1970]. Overall, this preliminary comparison
shows some similarities and some differences between the simulations and observations.

4. Discussion

The model-data comparisons presented in the previous section show excellent agreement of the simulations
with observations at some locations and in some seasons as well as some discrepancies. Because the model
solution is dynamically self consistent, this generally implies that the observations taken by different
instruments and at different locales may not be consistent with each other regardless of whether the model
is correct or not.

Analyzing a few years of observations with an upgraded meteor radar at the South Pole, Lau et al. [2006] note
that despite substantial seasonal variations, the diurnal and semidiurnal monthly mean phases are highly
repeatable from year to year, especially during summer. The good agreement of the model phases with
the SPR observations (Figures 2 and 3) and with those of Lau et al. is encouraging. WAM simulations of the
diurnal tide also show excellent agreement in amplitude and phase of both wind components with the
updated radar climatology at 78–94 km, indicating that in summer the tide is dominated by the migrating
DW1 component (Figures 6 and 7). Lau et al. [2006] estimate the DW1 amplitude at about 10m s�1 between
87.5–97.5 km at the pole in January 2002 and 2003 also in excellent agreement with the simulations
(Figure 3). The agreement of DW1 simulated by WAM with the multiyear radar observations over the whole
continent assures confidence and is consistent with the independent model validation by multiyear satellite
observations of seasonal variations of DW1 in temperature at middle and low latitudes [Akmaev et al., 2008].

Figure 8. Comparison of (left column) diurnal and (right column) semidiurnal temperature (top row) amplitude (K) and
(bottom row) phase (LT of maximum) over Davis (69°S, 78°E) as simulated by WAM and observed by the lidar (DFL) in
January. WAM simulations: total (black) and the largest tidal components (left column) DW1 (red) and DE1 (green); and
(right column) SW1 (red), SW2 (green), and S0 (blue).

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023673

AKMAEV ET AL. TIDES OVER ANTARCTICA 1165



At the same time the model diurnal amplitude substantially exceeds the SPR wind observations at 94 km
(Figure 3). The smaller diurnal amplitude obtained in the radar observations may possibly be explained by
the fact that the monthly mean presented here was constructed from parts of the month of January in two
different years (1995 and 1996) as well as by large daily variability during the specific periods of observation
(Figure 3). It should also be noted that subsequent SPR observations in January 1997 are more consistent with
the other observations and WAM simulations [Forbes et al., 1999]. On the other hand, the DFL temperature
observations at 69°S show a substantially larger diurnal amplitude of temperature than that simulated below
90 km in January (Figure 8). It is interesting to contrast here that the ARC monthly mean diurnal amplitudes
for both wind components are either slightly smaller (Figure 6) or very close (Figure 7) to the WAM simulations
at these altitudes and latitude in January. As already mentioned the limited number of days available and
uneven daily coverage in the presence of large natural variability (~10 K) in the DFL data [Lübken et al., 2011]
may substantially affect the estimation of amplitudes and phases of harmonic oscillations as well as their errors
[Crary and Forbes, 1983; Akmaev, 1999a, 1999b].

Of course, the large dynamical variability is not limited to the lidar observations but has been seen in other
observations near the mesopause as well [e.g., Murphy et al., 2006] reflecting the effects of realistic variable
sources and background conditions on propagation of tides [Bernard, 1981; Teitelbaum and Vial, 1991;
Sivkov and Shved, 1993]. Figures 2 and 3, for example, show large daily variability of the daily estimates of tidal
amplitudes and phases obtained from the SPR observations. Unlike climatological models as GSWM [Hagan
et al., 2001; Zhang et al., 2010], WAM, built on a weather prediction model, realistically reproduces “tidal
weather” seen in tremendous daily variations of tidal amplitudes of all the variables at the same geographic
locations as presented in the previous section (e.g., Figures 2 and 3). Figure 9 shows similar variability of simu-
lated daily amplitudes of the wind components and temperature at the locations considered in this study.
Note again that the vector-averaged amplitude may equal the arithmetically averaged amplitude only if
the daily phases are all exactly the same. The daily phase variations arising, e.g., from nonlinear interactions
with the background and other waves [Bernard, 1981; Teitelbaum and Vial, 1991], therefore result in the
vector-averaged amplitudes being substantially smaller than the arithmetic averages. This explains why
the monthly mean amplitudes are substantially smaller than most of the daily values in Figure 9. The compar-
ison presented in Figure 8 should therefore be seen as demonstration of capability of the model to “bridge”
observations by different instruments at different locales. Clearly more lidar data with better local time
coverage is necessary for a more rigorous evaluation.

In January the semidiurnal amplitude simulated by WAM exceeds that observed by SPR at 94 km by about a
factor of 2 (Figure 2). Based on a few years of observations from the pole, Lau et al. [2006] note large interannual
variations of the semidiurnal amplitudes in summer months reaching values of up to 20–30ms�1 between
90 and 100 km, which is close to the WAM estimates (Figure 2). Perhaps the relatively low January mean ampli-
tude observed by SPR (Figure 2) may be partially attributed to a specific period of observations. The WAM ampli-
tudes are in reasonable agreement with the ARC multiyear estimate for the leading semidiurnal tides of both
wind components on the outer rim (Figures 4 and 5), at least up to about 90 km for SW1, which is the only
semidiurnal tide seen from the pole. There is also reasonable agreement with the DFL temperature observations
at 84–96km (Figure 8) given the large daily variability and undersampling of the optical observations. Note that
in principle, shorter-period oscillations such as semidiurnal may be recovered with greater confidence from
partial-day data than longer-period ones such as diurnal [Akmaev, 1999a, 1999b]. This may partially explain a
better agreement of simulations of the semidiurnal tide with the lidar observations (Figure 8).

In July WAM overestimates the amplitudes of SW1 and SW2 compared to the ARC amplitudes at 69°S
(Figures 4 and 5). As mentioned above, this is most likely related to the sensitivity of the semidiurnal tide
to the background zonal mean wind. WAM may overestimate the eastward zonal mean winds in the winter
middle atmosphere, especially in the Southern Hemisphere. Current work to improve parameterization of
nonorographic gravity waves in WAM should help to alleviate this bias. Preliminary experiments show that
the additional wave drag reduces the eastward zonal mean wind and brings the semidiurnal amplitudes clo-
ser to observations in the winter hemisphere (V. A. Yudin, personal communication, 2015). Characteristically,
the amplitudes of SW1 and SW2 propagating against the strong background eastward wind in the winter
simulations even exceed those in summer, at least below 90 km (Figures 4 and 5). Yet over the pole the
WAM amplitude of SW1 is substantially lower in winter than in summer (Figure 2), which is consistent, at least
qualitatively, with all radar wind observations from the pole [Lau et al., 2006].
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It is interesting to compare the tidal amplitudes of the meridional wind at the pole and the outer rim because
one of the empirical ARC fits to the observations assumed constant amplitudes and phases based on the
atitudinal variation of a few gravest Hough modes for the m=1 tides [Murphy et al., 2006]. In an alternative
fit using only the outer rim radar data Murphy et al. [2006] obtained amplitudes even lower than observed
by the SPR in summer, which in turn appear underestimated [Lau et al., 2006]. This means that the assump-
tion of constant tide may not be valid for SW1 in summer. It is not supported by either the WAM simulations
(cf. Figures 2 and 4) or other observations in the polar region [Iimura et al., 2009] possibly because of higher-
order semidiurnal Hough modes present. The tide essentially becomes more symmetric away from the pole,
with substantial contributions from SW2 and S0 to the total semidiurnal power at 69°S. Conversely, in winter
the model appears to show a larger amplitude of SW1 on the outer rim than at the pole (Figures 2 and 4), for
reasons just discussed. The assumption of a constant SW1 tide between 69°S and the South Pole does not
appear to be satisfied in either season.

Interestingly, the WAM simulations appear to be consistent with the assumption of constant amplitude and
phase of DW1 over the whole continent at least for the meridional wind component (Figures 3 and 6). This is
also consistent with other radar observations [Lau et al., 2006] and may be related to the fact that unlike the
semidiurnal tide the diurnal tide in summer is dominated by DW1 according to both observations and

Figure 9. January daily (black) and monthly mean (red) amplitude of (left column) diurnal and (right column) semidiurnal
oscillation of (top row) meridional wind at (88°S, 0°E), (middle row) zonal wind at (69°S, 0°E), and (bottom row) temperature
over Davis (69°S, 78°E) as simulated by WAM at 80–100 km.
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simulations. Another assumption that may potentially affect the ARC analysis [Murphy et al., 2006] is fitting to
the data only the westward tidal components with zonal wave numbers m=0–3. According to WAM
simulations (not shown), there may be nonnegligible spectral power in the eastward tidal components with
the same wave numbers, which may potentially affect the results especially for relatively weak tides.

5. Conclusion

First observations from the South Pole revealed rich and unexpected tidal dynamics with large seasonal and
daily variability near the mesopause. Direct validation of WAM simulations with multiyear radar wind
climatologies as well as with the first summertime lidar temperature observations suggests that overall the
model adequately represents the dominant components of the tidal spectrum over Antarctica. The diurnal
migrating DW1 amplitude and phase are reproduced by the model in excellent agreement with the majority
of independent wind observations over the whole continent during the seasons of “high tide” and “low tide.”

The semidiurnal wind oscillation may only be seen from the pole as nonmigrating SW1, meaning that the tide
is no longer symmetric. It is simulated in reasonable agreement with the radar climatologies during the sum-
mer ”high tide“ season. The model appears to substantially overestimate the semidiurnal tide in winter over
the continental rim, where it contains large contributions from the migrating SW2 and nonmigrating S0 com-
ponents. Future work will be aimed at better representation of the wintertime zonal mean background clima-
tology in WAM most likely causing the overestimation.

The model dynamically self-consistent solution offers a framework for cross validation of observations of dif-
ferent atmospheric parameters made by different instruments or at different locations. Clearly, if the model
agrees with some observations and disagrees with others or if it disagrees with the different observations but
in a different sense, these data sets may not be mutually consistent, whether the model is correct or not. A
realistic numerical simulation also facilitates evaluation of some simplifying assumptions based on classical
linear theory and used in construction of empirical climatologies. For example, both the simulations and
observations imply that the assumption of constant amplitudes and phases for SW1 is not quite justified
between the outer rim and the South Pole possibly indicating the presence of higher-order Hough modes.
The diurnal tidal wind oscillation, on the other hand, appears to be consistent with this assumption suggest-
ing that the dominating DW1 is primarily comprised of the gravest Hough modes.

Previous observations have concentrated on the diurnal and semidiurnal tides. In future work it would also be
interesting to estimate possible contribution of higher-frequency oscillations such as the terdiurnal tide to
the overall tremendous dynamical variability seen in both the observations and simulations over Antarctica.
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